The conversion efficiency of geothermal energy is very low. For low-temperature resources, such as geothermal energy, a supercritical organic Rankine cycle (ORC) has been shown to be more efficient than an ORC. Regenerative supercritical ORCs have been proven to yield even higher efficiencies for cases where the heat source is limited above the ambient temperature. Most studies on these cycles have focused on turbine inlet temperatures between 80 and 130˚C. Only a few studies have explored other working fluids between 180 and 350˚C but did not analyze optimum turbine inlet pressures. Turbine inlet temperatures ranging from 170 to 240˚C were tested with the heat source provided by a medium temperature geothermal reservoir. A parametric analysis was performed on varying turbine inlet pressures and temperatures. The fluids tested included cis-butene, pentane, isopentane, butane, isobutane, carbon dioxide, neopentane, propylene, and propane. Temperatures and pressures were selected for each tested fluid to achieve maximum first law efficiency, second law efficiency, cycle effectiveness, and net work.
Introduction
Heat engines using low-temperature resources, such as geothermal reservoirs, are limited by their low conversion efficiency. Currently, geothermal energy provides 10 gigawatts of electric power and has the potential and the resource to grow exponentially [1] . For geothermal energy to be utilized to its fullest capacity, its conversion efficiency needs to be improved. For high temperature reservoirs above 220˚C, the geothermal brine is flashed into steam to be used directly for power generation. For dry steam, single flash, and double flash plants, the efficiency ranges from around 6 to 15% on average for heat reservoirs with an enthalpy between 900 to 2,900 kJ/kg [2] . The downfalls of flash steam plants are the non-condensable gases and salt content that add corrosion to the system and reduce turbine efficiency [2] . A binary system is the most common type of geothermal power plant for medium to low temperature reservoirs (up to 200˚C) where liquid is dominant [3] . In a binary system, the geothermal brine exchanges heat with an organic fluid which is used to run a cycle, such as an organic Rankine cycle (ORC) [3] . Many studies have explored the optimization of ORCs. However, supercritical ORCs can achieve higher efficiencies than subcritical ORCs at lowtemperature [4] [5] [6] [7] [8] . Supercritical ORCs are also advantageous over subcritical cycles as they have better thermal match (thermal glide) between the working fluid and the heat source such as geothermal energy. Li et al. found supercritical ORC performed better for once through heat sources such as geothermal reservoirs [9] .
A regenerative cycle can further improve the efficiency of the system over a simple cycle. A few analyses have compared various regenerative supercritical ORCs to simple supercritical ORCs. Glover et al. analyzed fluid performance with a turbine inlet temperature between 100 and 350˚C with a maximum cycle pressure of 5 bar greater than the critical point. The best performance was found when the critical temperature of the fluid was just below the temperature of the heat source. Fluids with high critical temperatures were also more tolerant of temperature and pressure changes in the condenser [10] . Le et al. used a genetic algorithm to maximize the first law and system efficiency for various fluids at a turbine inlet temperature of 139˚C. Carbon dioxide performed the worst at the analyzed conditions. A recuperative cycle was also found to achieve higher efficiencies than a simple cycle [11] .
Toffolo et al. studied various supercritical configurations of supercritical ORCs including a regenerative cycle for isobutane and R134a with turbine inlet temperatures between 130 and 180˚C. It was found that for the tested range, isobutane performed better in a subcritical cycle while R134a performed better in a supercritical cycle [12] . Astolfi et al. analyzed supercritical and subcritical ORCs for medium-low temperature geothermal sources (120 to 180˚C) to optimize system performance in relation to cost [13] .
Supercritical ORC studies have focused on turbine inlet temperatures of 80˚C to 130˚C. Supercritical ORCs with carbon dioxide cycles have been analyzed up to 800˚C. Performance in respect to various pressures has not been explored for regenerative supercritical ORCs for turbine inlet temperatures between 170 to 240˚C. This paper studies environmental fluids with critical temperatures below 200˚C in a regenerative supercritical ORCs to improve the conversion efficiency of geothermal energy. 
Nomenclature

General
Methodology
A model of a regenerative supercritical ORC was created in MATLAB. The model was validated to the models of supercritical ORCs and recuperative cycles of Le et. al and Wang et. al [11, 14] . A schematic of the cycle with a recuperator is shown in Fig. 1a . The corresponding temperature-entropy (T-S) diagram is shown in Fig. 1b. 
Fluid Selection
To select appropriate fluids for the analysis, various properties were analyzed including global warming potential (GWP), ozone depleting potential (ODP), thermal stability, and critical point. Fluids with high global warming potential (GWP), such as hydrofluorocarbons (HCFC), and fluids with high ozone depleting potential (ODP), such as chlorofluorocarbons (CFCs), were omitted from the analysis. The ODP was limited to less than 1. The GWP was limited to less than 150 as limited by directives such as those by the European Union [15] . NIST REFPROP was used to calculate fluid properties [16] . The auto ignition temperature was checked to verify it did not fall in the tested range [17] . To analyze a supercritical cycle, the cycle high temperature and pressure should exceed the critical point. The critical and maximum temperatures for pentane (R601) and isopentane (R601a) fell in the turbine inlet temperature range (170-240˚C). Therefore, the analysis of these two fluids was limited for turbine inlet temperatures between their critical and maximum temperatures. Butane (R600), isobutene (R600a), butane, cis-butene, carbon dioxide, propane (R290), propylene (R1270), and neopentane, were other fluids that met the requirements for the analysis. The properties of the selected fluids are listed in Table 1 .
Performance Analysis
Three key performance factors were selected for the study: first law efficiency, second law efficiency and the net power. The pump and turbine work are calculated by Eqs. 1 and 2. The first law, or cycle, efficiency measures how much power is produced in relation to the heat absorbed by the working fluid (Eq. 3). The plant efficiency measures how much net work is produced in the cycle in comparison to the potential heat that can be provided by the geothermal resource (Eq. 4). In this case, the maximum heat supplied by the geothermal is defined by the amount of heat that can be released by the geofluid using the ambient temperature as a reference. The second law efficiency compares the plant efficiency to the maximum theoretical of triangular cycles (Eqs. 5-7). The recuperator was considered with an effectiveness as defined in Eq. 6. A pinch point was considered in the primary heat exchanger (PHE) and the condenser to limit heat exchanger exergy losses. The mass flow of the geofluid was held constant. To satisfy the pinch point conditions, the mass flows of the working fluid and cooling water were iterated until the resulting pinch point matched within 10 -10 . 
Pressure parametric analysis
The pressure was varied over the range of turbine inlet temperatures, starting with a pressure larger than the critical point. Then, the optimum pressure was calculated for each fluid to maximize the plant and second law efficiency, as well as the net power. This analysis was performed for all fluids to ultimately determine which fluids and conditions perform the best for medium temperature geothermal reservoirs. The simulation parameters are listed in Table 2 . The geofluid entering the PHE was set at 11˚C higher than the turbine inlet temperature. The assumptions taken into the model include:  The geothermal fluid is pure water and saturated liquid  Pressure is constant in the heat exchangers  There is no air leakage into the working fluid system  Power consumption of auxiliary components are negligible 
Results and Discussion
Parametric Analysis
The turbine inlet pressure (greater than critical pressure) was varied for each fluid. In some cases with high pressures and low temperatures at the turbine inlet, the turbine exit enthalpy was not sufficient for recuperation as the turbine exit temperature was at the condensing temperature. For these instances, the internal heat exchanger was removed. This is evident in Fig. 2a for 25 MPa, where the slope of the curve changes at 195˚C. Generally, the first law and plant efficiency increase with turbine inlet temperature. As the turbine inlet temperature increases, the total enthalpy added to the working fluid increases as does the net work, increasing the cycle efficiency. The plant efficiency compares the net work to the maximum heat that could be provided by the geothermal fluid, using the ambient temperature (25˚C) as a reference. The plant efficiency is almost constant for high pressures. The maximum plant efficiency for isobutene increases from 13 to 15% for turbine inlet temperatures from 170 to 240˚C. Generally, lower pressures were more optimum at lower turbine inlet temperatures to maximize the efficiency.
Pressure optimization
Three parameters were selected for optimization: plant efficiency, second law efficiency, and the net power. Based on their definitions, maximizing the plant efficiency also resulted in the maximum net work and second law efficiency. The results are shown in Figs. 3 and 4 . The performance of isobutene is shown in Fig. 2 . The analyses for pentane and isopentane were limited due to their critical temperatures and maximum REFPROP temperatures. Carbon dioxide performed the worst in efficiencies and net work as Le et al. found for a turbine inlet temperature of 139˚C [11] . Although neopentane performed the best in cycle efficiency, butane, butene, isopentane, pentane, and cis-butene performed the best in plant efficiency, exergy efficiency, and net power.
The maximum reversible efficiency for a geothermal resource is best described as a triangle cycle. The optimized second law, or exergy, efficiency remained constant for increasing turbine inlet temperature for most of the fluids. This is due to the fact that the slope of the first law efficiency and the plant efficiency were similar in Figs. 3a and 3b . In other words, the exergy destruction was constant in the optimized cases for various turbine inlet temperatures. For the case of neopentane, less exergy destruction occurred at lower turbine inlet temperatures.
As the mass flow of each fluid was adjusted to account for the pinch point in the PHE for the same geothermal source conditions, the net power of each fluid was compared as opposed to the specific net work. As expected, higher turbine inlet temperatures yield a higher work output. Carbon dioxide has a high critical pressure of 7.38 MPa in comparison to the other tested fluids. The optimum pressure for carbon dioxide resulted in pressures greater than 200 MPa (Fig. 4a) . Therefore the net power produced by carbon dioxide was significantly less than the other tested fluids.
The optimum cycle high pressure was compared to the critical point. Pressures below the critical point corresponded to a subcritical cycle, as indicated by the dotted line in Fig. 4b . The trends are nearly linear with varying slope. To optimize the plant efficiency, a supercritical cycle was more efficient than subcritical cycles for the tested parameters. Propylene, propane, and carbon dioxide are wet fluids and cis-butene is an isentropic fluids while the rest of the fluids tested are dry fluids. In terms of Fig 4b, this distinction had little effect on the optimized turbine inlet conditions.
Conclusion and Recommendations
This paper analyzed the effect of pressure in order to optimize the first law efficiency, second law efficiency, and net power of a supercritical ORC with turbine inlet temperatures between 170 and 240˚C, suitable for medium temperature geothermal reservoirs. It was found that carbon dioxide performed the worst. Isopentane, pentane, butane, butane, and cis-butene performed the best in plant efficiency under the tested parameters. To optimize the system, higher turbine inlet temperatures require higher pressures, but in turn operate at higher efficiencies. However, this analysis was performed in regards to the available geothermal resource. For the analysis, a heat source temperature of 11˚C greater than the turbine inlet temperature was used. This analysis provides the type of system performance that can be expected in a supercritical ORC for medium temperature geothermal reservoirs. It is recommended in future analyses to add auxiliary power and compare the optimized dimensionalized turbine inlet conditions under different parameters to design ORC systems appropriately for geothermal heat.
